Abstract: For pragmatical timescales and conditions (temperature, concentration, pressure), where "real-world" systems are usually far from equilibrium, familiar treatments based on the equilibrium thermodynamics of very dilute solutions fail. Successful treatments require a new approach to emphasize the kinetic description, relate time-temperature-concentration-pressure through underlying mobility transformation, and establish reference conditions of temperature and concentration (characteristic for each solute). Small carbohydrate-water systems provide a unique framework for the investigation of non-equilibrium behavior: definition of conditions for its empirical demonstration, examination of materials properties that allow its description and control, identification of appropriate experimental approaches, and exploration of theoretical interpretations.
INTRODUCTION
Traditional approaches to the study of small carbohydrate-water systems have been divided into four areas (ref. 1) . For the single isolated molecule in vacuo, theoretical treatments abound, but experimental approaches are limited; whereas in infinitely dilute solution, various powerful experimental approaches (e.g. spectroscopic) can be applied. These are described in the accompanying review on equilibrium solution properties of polyhydroxy compounds (PHC) by Franks (ref. 2 ) . For a concentrated system (e.g. a solid crystal), in which a single molecule exists in a lattice, a static environment with no time dependence pertains, and X-ray and neutron diffraction provide good experimental data. The fourth area, which for small carbohydrates is the most important for biological and industrial technological applications, is that of very concentrated solutions, where behavior is characterized by great time dependence (refs. 3-9) .
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at equilibrium, by adding solute continuously, until the onset of no;-equilibrium thermody namic effects is observed. However, if one tries to reverse this process, by adding water a concentrated or dry system in order to return to the original dilute solution state, one observes an extreme hysteresis (refs. 10-12) . The time dependence of this behavior is such that it may be impossible, in a practical timeframe, to return to the initial dilute solution from the concentrated system (ref. 13). Similarly, if one wishes to prepare a concentrated solution or melt from a crystalline solid, one can start with either equilibrium crystals (which ordinarily are imperfect. so that the melt would be nucleated on the sur-0 face), or a polycrystalline material (where the melt would be nucleated at the interfaces), or a concentrated system (in which the crystal is in equilibrium with the saturated solution), and then apply heat to produce a completely amorphous system. In order to return to the crystalline solid, the system would need to be nucleated. However, the transport properties of such concentrated solutions or melts (of monomeric and polymeric materials, alike) can have a significant adverse effect on their nucleation properties (ref. 35), so that it can prove difficult to nucleate and return to the original crystalline solid. Even if such an amorphous system is pre-seeded, so that homogeneous nucleation is not necessary, one finds, in practical terms, that complete crystallization is never achieved (refs. 14-16). Instead, one obtains a partially crystalline, partially amorphous solid. Thus, whenever one attempts to return a PHC-water system to either the equilibrium crystalline concentrated solid, for which good experimental data are often available, or the infinitely dilute equilibrium solution, to which good experimental methods can be applied, one finds that kinetics and non-equilibrium thermodynamics interfere with the reversibility of such "real-world" systems (refs. 9,17-19 The glass transition is also operationally defined, based on mechanical properties, in terms of a mechanical relaxation process such as viscosity (11). Figure 2 (ref. 9, adapted from ref. 17) shows that, as the temperature is lowered from that of the low-viscosity liquid state above the crystalline melting temperature (Tm), where familiar exponential Arrhenius kinetics apply, through a temperature range from Tm to the glass transition temperature (Tg), a completely different, very non-Arrhenius, non-exponential, non-linear form of the kinetics becomes operative. Then, at a temperature where mobility becomes limiting, a state transition occurs, typically manifested as a three orders-of-magnitude change in viscosity, modulus, or mechanical relaxation rate (refs. 31,32) . A "mechanical" glass transition can be defined by combinations of temperature and deformation frequency for which sufficiently large numbers of mobile units (e.g. small molecules or backbone chain segments of a macromolecule) become immobilized during a time comparable to the experimental period (refs. 33, 3 4 ) . Exponential Arrhenius kinetics become operative once again in the glassy solid, but the rates of all diffusion-controlled processes are much lower in this high-viscosity solid state than in the liquid state (ref. 9) . In fact, the difference in average relaxation times between the two Arrhenius regimes is more than twelve orders of magnitude. In the rubbery range between Tm and Tg, the non-Arrhenius kinetic behavior follows the generic equation (refs. 111 from the Williams-Landel-Ferry (WLF) free volume interpretation of the glass transition. The WLF eqn. is an empirical equation which describes the effect of increasing temperature on relative relaxation times in glass-forming systems, In the WLF eqn., the coefficient C1 is proportional to the inverse of the free volume of the system at Tg, while C2 is proportional to the ratio of free volume at Tg over the increase in free volume due to thermal expansion above Tg (i.e. ratio of free volume at Tg to the difference between the volumes of the rubbery liquid and glassy solid states, as a function of temperature above Tg) (ref. 20) . Note that the reference temperature defined by eqn.
[l] is the glass transition temperature. The WLF eqn. is typically used to describe the time-/temperature-dependent behavior of polymers in the rubbery range above Tg, and is based on the assumptions that polymer free volume increases linearly with increasing temperature above Tg and that segmental or mobile unit viscosity, in turn, decreases rapidly with increasing free volume. Mobility is defined in terms of log relaxation rate at a temperature differential above Tg. Thus, the greater the temperature differential, the faster the system is able to move (due to increased free volume and decreased mobile unit viscosity); so the greater is the mobility, and the shorter is the relaxation time. One can also consider this mobility transformation, again in terms of a time/temperature superposition, in the context of measurements of translational diffusion rate (e.g. self-diffusion coefficient), and rotational relaxation rate (e.g. rotational diffusion time), as well as viscosity (ref. 19 ). For example, the self-diffusion coefficient of water in undercooled solutions of 9-10 w% LiCl changes by five orders of magnitude over a 20' K interval near Tg (ref. 19 ). This finding is in excellent accord with the behavior predicted by the quantitative form of the WLF eqn., with its "universally"-applicable numerical values of the coefficients C1 -17.44 and C2 = 51.6, derived from experimental data for many synthetic amorphous polymers (ref. 2 1 ) . Directly-measured time-temperature-transformation curves have been reported for the crystallization of ice, via homogeneous nucleation, from
Fig. 1 . A four-dimensional "dynamics map", with axes of temperature, concentration, time, and pressure, which can be used to describe mobility transformations. In the context of the utility of the WLF eqn., the underlying basis of the principle of time/temperature superpositioning is the equivalence between time (or frequency) and temperature as they affect the molecular relaxation processes that influence the viscoelastic behavior of glass-forming small molecule and polymeric materials (refs. 20,54) .
V I S C O S I T I E S OF AQUEOUS SOLUTIONS
The effects of temperature and concentration on the mobility of fluids above Tg can be combined to create a single master curve, which represents the WLF eqn.. The viscosity data shown in Fig. 3 (ref. 22) were obtained for highly concentrated (> 90 w%) aqueous mixtures of fructose and sucrose. These results, like those described above for LiCl solutions, show a five orders-of-magnitude change in the viscosity of concentrated sugar solutions, over a 20°K interval near Tg, which is characteristic of WLF behavior in the rubbery fluid range. These results constituted the first experimental demonstration that concentrated fructose and sucrose solutions obey the WLF eqn. quantitatively as well as synthetic high polymers. Similarly, it had been shown previously that a completely amorphous glucose melt, in the absence of diluent, has the same coefficients in the WLF eqn., and thus also behaves like a typical well-behaved synthetic high polymer (refs. 21,75 ).
WLF-BEHAVIORAL CHARACTERISTICS OF KINETICALLY METASTABLE POLYMERS
For this paper on small carbohydrate-water systems, we use the word polymer generically to include any homologous series of monomeric and oligomeric PHCs. In that context, we have examined and compared the WLF behavior of kinetically-metastable PHC polymer systems (refs. 6, 9) to the corresponding knowledge base for synthetic high polymers. According to the conventional description, a typical well-behaved synthetic high polymer (e.g. a representational elastomer) would manifest its Tg around 200'K in the completely amorphous state, and its Tm around 300°K in the completely crystalline state (ref. Figure 4A illustrates the conventional description of the relaxation behavior of a typical well-behaved polymer (e.g. polyvinyl acetate (refs. 2 4 , 7 5 ) ) , which would obey the standard form of the WLF eqn. with the coefficients C 1 -1 7 . 4 4 and C 2 = 5 1 . 6 . As mentioned above, the same coefficients have been observed for amorphous glucose in the absence of diluent (refs. 2 1 . 7 5 ) . In this plot of log aT vs. AT, the relaxation rate progresses from WLF behavior very near Tg to Arrhenius behavior at about lOO*K above Tg. Within this temperature range, where technological process control would be expected, relaxation rates for WLF behavior near Tg would change by a factor of 10 for every 3*K change in temperature. In contrast, for Arrhenius behavior with familiar Q10 kinetics above Tm, a factor of 10 change in relaxation rate would require a 33OK change in temperature. One can describe another class of amorphous polymers as typical but not well behaved, in the sense that they are readily crystallizable (refs. 1 6 , 2 0 , 2 3 , 2 5 ) . Highly symmetrical polymers such as poly(viny1idene chloride) and poly(viny1 cyclohexane), which manifest crystalline melting enthalpies of E l 7 0 J/g, fit this class. For such polymers, the ratio of Tm/Tg is frequently >> resulting from local cooperative constraints on mobility, and Tg represents a thermomechanical property controlled by the local small molecule or segmental, rather than macroscopic, environment of a polymer. On cooling a viscous fluid of relatively symmetrical mobile units with relatively isotropic mobility, translational motions would be expected to be "locked in" at a higher temperature before rotational motions, because of the slower structural relaxations associated with the larger scale translational diffusion (refs. 27,28). In this case, cooperative constraints of local viscosity and free volume on translational diffusion determine the temperature at which the glass transition is manifested, as a dramatic increase in relaxation times compared to the experimental timeframe. However, in the case of motional anisotropy, molecular asymmetry has a much greater effect on rotational than translational diffusion, so that rotational motions could be "locked in" before translational motions as the temperature is lowered (refs. 29,30). As illuminated by Fig. 4D , a very small ratio of Tm/Tg (i.e. close to 1.0) is accounted for by an anomalously large free volume requirement for rotational diffusion (ref. 23). When the free volume requirement is so large, a glass transition (i.e. vitrification of the rubbery fluid) on cooling can actually occur even when the local viscosity of the system is relatively low. Thus, instead of the typical "firmness" for a glass (" 1012 Pa s), such a glass (e.g. of bisphenol polycarbonate, fructose, or galactose) may manifest a ?, << lOl2Pa s (refs. 4,9,22). In such a glass, the time constant for translational diffusion may be anomalously small, indicative of high translational mobility. In contrast, in the glass of a typical well-behaved polymer, the time constant for translational diffusion would be greater than that for rotational diffusion, so that an increase in local viscosity would be concomitant with a decrease in free volume (ref. 28).
THE MOBILITY TRANSFORMATION M A P
One can begin to build a generic mobility transformation map upon a foundation of established structure/property relationships for typical synthetic amorphous high polymers. For example, the effect of polymer plasticization by non-crystallizing diluents is well known (ref.
37) and nicely illustrated by Tg results for polystyrene solutions with various compatible organic diluents which can be undercooled without crystallizing (ref. 20, p. 488) . Characteristically, the Tg of an undiluted polymer is much higher than that of a typical low molecular weight (MW), glass-forming diluent. As the diluent concentration of the solution increases, Tg decreases monotonically, because the average MW of the homogeneous polymer-plasticizer mixture decreases, and its free volume increases.
In contrast, the effect of polymer plasticization by a crystallizing diluent has been illustrated by Tg results for blends of poly(viny1 chloride) (PVC) with a terpolymeric organic plasticizer which is able to crystallize on undercooling (ref. 36) . In this interesting case of a polymer and plasticizer with more nearly equal MWs, while the diluent depresses the Tg of the polymer in the typical fashion, the polymer simultaneously depresses the crystallization temperature (Tc) of the plasticizer. Thus, with increasing PVC concentration in the blend, Tc of the plasticizer decreases as Tg of the blend increases. Upon cooling, crystallization of the plasticizer can no longer occur, within a realistic experimental timeframe, in the region (on the state diagram) of temperature and blend composition where the extrapolated crystallization curve intersects the glass curve at a particular point (ref. 36, Fig. 29, p. 892) , which can be designated as Tg'. Below a critical diluent concentration (i.e. the composition of the glass at Tg'), crystallization on cooling of the plasticizer, which would be readily-crystallizable if pure, essentially ceases at an incomplete extent, due to the immobility imposed by the vitrification of the glass-forming plasticizer-polymer blend. The analogy between this example of the behavior of a non-aqueous high-polymer system, with its characteristic Tg' and corresponding composition Cg', and the general behavior of aqueous glass-forming systems of small PHCs (discussed below and described with regard to the state diagram in Fig. 5 ) is important and fundamental to interpreting the non-equilibrium behavior of PHC systems in the context of mobility transformations.
Starting at room temperature with a dilute aqueous solution of a typical small PHC, slow cooling inevitably leads to freezing of ice (i.e. phase separation via crystallization of the diluent). Freezing proceeds with a concomitant change in composition of the non-ice portion of the solution, initially along the path of the equilibrium liquidus and finally along the non-equilibrium segment of the liquidus, to a solute-specific composition of maximum solute concentration. Continued cooling beyond this point produces a glass with a characteristic Tg (denoted by Tg'), solids content (Cg'), and unfrozen water content (Wg') (refs. 3-9,17-19) . This maximally freeze-concentrated glass is one particular glass on the continuous glass curve for any specific PHC-water system. In other words, for any solution with an initial water content (W) greater than the solute-specific composition corresponding to Wg', slow cooling causes a change in composition as well as ice formation. In comparison, cooling of the same solution rapidly enough to permit complete vitrification without ice formation, followed by rewarming to a kinetically-metastable condition (i.e. within the map region of Tg < T < Tg' and W > Wg') where ice crystallization can occur, leads to disproportionation and arrival at the same characteristic Tg' and composition Wg ' (refs. 3,17,39 ). Yet another route to the same focal point on the map can be followed by adding diluent to a dry PHC. In this case, Tg decreases to Tg', as the water content increases to Wg'. Any further increase in water content, followed by slow cooling, results in crystallization of the excess plasticizer and, once again, the characteristic Tg' and composition for the non-ice portion. Thus, for diluent concentrations less than Wg', which represents the maximum amount of unfrozen, plasticizing water that can persist in the freeze-concentrated, dynamically -constrained glass at Tg' (ref. 7), a microscopic reversibility is possible. The composition can remain unchanged as the temperature is cycled above and below Tg. Of course, the behavior described above presupposes that the PHC solute does not crystallize (via eutectic crystallization of both solute and solvent) as a consequence of undercooling. If the solute can also crystallize during the experimental timeframe, the possibility of microscopic reversibility can be lost. Instead, the system would exist in a metastable state within the map region between the crystalline melting curve and glass curve for the solute, as well as within the corresponding region for the solvent.
The effect of plasticization of water-compatible polymers by water, a crystallizing diluent, has recently been reviewed elsewhere (refs. 9,45 6 (ref. 51) . The effect of water plasticization is illustrated in Fig. 5 , which shows experimental data for the glass curves of the small PHCs, glucose, fructose, and sucrose, and a 40,000 MW poly(vinylpyrrolidone) (PVP-40) (ref. 9 ). This mobility transformation map for these common sugars and PVP was constructed from measured values of a) Tg of the completely-amorphous, dry solute and b) Tg' and Cg' of the maximally freeze-concentrated glass, coupled with c) the extrapolated, but widely-accepted literature value for Tg of amorphous solid water, %! 140°K (ref. 171, d) Tm of pure ice, and e) the equilibrium (ref. 38) and non-equilibrium portions of the liquidus curve. Figure 5 reveals that the maximum practical (i.e. spacially homogeneous) dilution of each amorphous solute corresponds to a particular glass in each continuum of glassy compositions. As described above, alternative paths, such as drying by evaporation or freeze-concentration (refs. 5,17,42) , lead to the same operationally-invariant composition (Cg'), with its characteristic Tg'. The elevation of Tg, due to increased solute concentration, dramatically affects the shape of the non-equilibrium, very non-ideal portion of the liquidus curve. In other words, the extreme departure from the equilibrium liquidus curve for each of these solutes is related to the shape of the corresponding glass curve. The locus of Tg' on the transformation map depends on both the free volume and local effective viscosity, and therefore on the inverse number-average MW ( %I ) and inverse weight-average MW (Kw) , respectively (ref, 20) , of the dynamically-constrained, kinetically-metastable solution.
Thus, we suggest that the anomalous shape of the extrapolated liquidus curve is a consequence of the system's approach to the immobile, glassy domain, rather than the cause of the Solute-water state diagrams of temperature vs. concentration for fructose, glucose, sucrose, and PVP-40, which illustrate the effect of water plasticization on the experimentally-measured glass curves, and the location of the invariant point of intersection of the glass curve and the non-equilibrium portion of the liquidus curve at Tg' and Cg', for each solute. Fig. 6 . Glucose-water state diagram, which illustrates the relationship between the locations on this mobility transformation map of the cumes for the glass transition temperature, Tg, the melting temperature, Tm, and the homogeneous nucleation temperature, Th. particular location of the glass at Tg'. The anomalous shape of the liquidus, which has been described elsewhere (ref.l9) , reflects the non-equilibrium melting behavior of the ice and the improbably low values of apparent relative vapor pressure of the solution that result from the constrained approach to the glassy domain, which represents the limiting range of relaxation rates compared to the timeframe of observation. Equally anomalous values have been observed for the relative vapor pressures of aqueous supra-glassy solutions of PHCs at ambient temperature (refs. 4,9) , as described later with regard to Table 4 . In both of these situations, the apparent relative vapor pressures are often referred to as water activities, even though they are clearly non-equilibrium values, controlled by, rather than controlling, the long relaxation times of the sytem. Figure 6 illustrates the effects of a small PHC solute on the non-equilibrium thermodynamic properties of partially-crystalline water, and focuses on glucose as an example of a typical, well-behaved, water-compatible polymer with a Tm/Tg ratio of 1.42. This dynamics map shows the effect of glucose addition on the Tg of water (in terms of measured values of Tg of the spacially-homogeneous aqueous glass), the Tm of phase-separated ice, and the homogeneous nucleation temperatures (Th) of undercooled solutions (ref. 17) . Glucose elevates the Tg of water, through Tg', up to the Tg of dry amorphous glucose, by its direct effect on the free volume and local effective viscosity of the resulting sugar-water solution (ref. 20) . At concentrations approaching infinite dilution, glucose affects the shape of the liquidus curve by colligative depression of the equilibrium Tm, and also depresses the non-equilibrium Th (ref. 35) of ice. However, at finite glucose concentrations in the range of technological importance, there is a non-colligative, very non-equilibrium effect of the solute on Tm, and a similar1y;anomalous effect on Th. The changes in Tm and Th are empirically related by the ratio ATh/ATm 2 (ref. 17) . Thus, at practicable concentrations of glucose, effective values of vapor pressure, osmotic pressure, Tm, Th, and crystal growth rate are all INSTANTANEOUS values, determined by the effective relaxation time of the supra-glassy solution. The dotted portion of the Th curve extrapolated below the Tg curve was included in Fig. 6 to allude to the fact that such instantaneous values may persist for centuries (e.g. crystal growth rate of ice in an undercooled PHC-unfrozen water glass (ref. 40)). Indeed, the very enormity of the time-dependence beguiles with the appearance of equilibrium (e.g. kinetics of water ad/absorption via diffusion in amorphous solids, discussed later with regard to Fig Figure 7 illustrates the effects of pressure, in the absence of solute, on the same non -equilibrium thermodynamic properties of partially-crystalline water described in Fig. 6 , i.e. the Tg of pure amorphous solid water, the Tm of pure crystalline solid ice, and the Th of undercooled liquid water (ref. 17) . Increasing pressure elevates the Tg of numerous chemically and thermomechanically diverse polymers by about 20 2 5 O K per kilobar (100 MPa) (refs. 20,76) . The curve of predicted Tg values in Fig. 7 was calculated on the basis of this same behavior for glassy water, which would show conventional volume expansion upon softening. Increasing pressure also depresses the Tm and Th of ice, an effect related to water's anomalous volume decrease upon melting (ref. 17) . The changes in Tm and Th produced by increasing pressure are empirically related by the ratio ATh/ATm 'A 2 (ref. 19 ). curiously analogous to the effect of solute cited above. Thus, Fig. 7 demonstrates that as Tg increases, both Tm and Th decrease anomalously. It should be recalled that a 20°K change in Tg caused by a pressure change of 1 kilobar would be comparable to a five orders-of-magnitude change in mechanical relaxation rates near Tg.
The effects of a small PHC solute can be compared to the effects of pressure on the same non -equilibrium thermodynamic properties of partially-crystalline water, by combining the results in Figs. 6 and 7 . As illustrated in Fig. 8 , the concentration and pressure scales were The origin of the empirical ratio ATh/ATm 2 (refs. 17,19) was previously obscured by the expectation that the liquidus curve must be colligatively-controlled while the Th curve is in part diffusion-controlled. The results in Figs. 5-8 illustrate the parallel dynamic control over the non-equilibrium regions of both the liquidus and nucleation curves. Figure 5 also points out that, at solute concentrations > 20 w%, fructose and glucose (of equal MW) solutions have very different Tm, as well as Tg, profiles. So at these PHC concentrations (which are technologically the most important), the Tm curve is certainly not an equilibrium liquidus, but rather a non-equilibrium melting profile, which is affected by the underlying glass behavior. Once again, the explanation for this behavior derives from the WLF kinetics governing the rubbery domain near Tg, where a 20°K temperature interval is equivalent to a range of five orders-of-magnitude in relaxation rates. Hence, within practical timeframes, the immobility imposed by the glassy domain can have an all-or-nothing effect on homogeneous nucleation and crystal growth. -. . Table 2 .
i 220
For these small PHCs of known MW (see Table 2 ), the actual gw and h of the homogeneous solute-water mixture in the glass at Tg' can be calculated from the corresponding Wg' values, listed in terms of w% water in Table 2 . The results were plotted as Tg' vs. 1fln and Tg' vs. To explore the origin of the glass transition in terms of an iso-relaxation state, we compared the glass curves for the four solutes in Fig. 5 on the basis of a common value of Tg, and on the basis of a particular, distinctive Tg, as illustrated in Table 3 Table 4 . Overall, the results in Table 3 demonstrate that the ratio of Ew/h provides a better prediction of the shape of the glass curve as an iso-state, which requires a description of both the temperature and the moisture content at which relaxation times become limiting, than does MW or i?n or Hw alone. with equivalent results, as segmental mobility of the polymer backbone and as small molecule diffusion of a reporter (probe) molecule at sufficiently low concentration that there is no measurable depression of Tg due to plasticization. Thus, the translational relaxation time, as reflected by the frictional coefficient or the translational diffusion coefficient, is related to the local effective viscosity surrounding polymer chain segments, rather than to an inherent structural/mechanical feature of the chain itself (ref. It is generally thought that one can best compare and control the behavior of amorphous materials at temperatures at or near their Tg, and that in order to "freeze" events in time and thus magnify the behavioral differences between materials, one must do experiments at T < Tg, where relaxation rates are extremely slow. However, Fig. 11 illustrates that when polymers are studied even 100°K above their individual Tg values, there are orders-of-magnitude differences in the self-diffusion rate of the backbone chain segments or the diffusion rate of small molecules which are similar to the monomer. For example, for poly(isobuty1ene) and Hevea rubber, at 100°K above their almost identical Tg, there is about a 100-fold difference in the translational diffusion rate of a small reporter molecule, with the Hevea rubber showing the lower local viscosity and lower frictional coefficient and allowing the faster diffusion rate. In the case of poly(dimethy1 siloxane), whose low ranking on the list in Fig. 11 has been considered quite anomalous (ref. 20) , there had been no previous explanation for why its frictional coefficient and local viscosity, 100'K above Tg, are so low compared, for example, to those of poly(isobuty1ene). However, addition of the Tm/Tg ratios calculated from reported data for Tm and Tg of these polymers (ref. 20) to Fig. 11 reveals a progressive decrease in this parameter with decreasing local viscosity and frictional coefficient, which in turn reflects an increase in mobility and translational diffusion rate, and a decrease in relaxation time. We suggest that the underlying basis for these behavioral correlations is that the least viscous, and thus most mobile materials, even 100°K above Tg, are those which have the lowest values of TJTg ratio, while the most viscous, least mobile materials are those with the highest Tm/Tg ratios. This correlation in turn supports the conclusion reached earlier, from the analysis of Fig. 4D , that for a common value of Tg (e.g. for the elastomers poly(isobuty1ene) and Hevea rubber), different values of Tm/Tg ratio for different polymers can be used to compare relative mobilities both at Tg and at T >> Tg. This conclusion is also supported by the results of a revealing biological experiment, analyzed as a mechanical relaxation process, described later with regard to Table 4 . It is critical to note that a small difference in the values of Tm/Tg is manifested as a dramatic difference in local viscosity and translational diffusion. In the example described above, the values of Tm/Tg for Hevea rubber and poly(isobuty1ene) are 1.43 and 1.57, respectively, and the local viscosities at lOO'K above Tg differ by nearly two orders of magnitude.
The importance of this correlation between local effective viscosity and Tm/Tg ratio relates to the apparently pivotal influence of these two parameters on the mobility of SUPRA-GLASSY LIQUIDS, such as molten polymers, even well above Tg. This finding can now be coupled with the earlier explanation of how the relationship between qg, Tm/Tg ratio, and mobility can be used to characterize the non-equilibrium behavior in the glassy solid state at Tg and in the rubbery fluid state above Tg, and also the size of the temperature domain corresponding to the WLF region. It was mentioned with regard to Fig. 4C that for an atypical, poorly-behaved polymer with Tm/Tg -1.25, the rubbery region of WLF behavior might only extend about 50°K above Tg. Thus, some of the polymers listed in Fig. 11 (especially, e. g., poly (dimethyl siloxane)), at 100°K above Tg, probably exist as low-viscosity liquids well above their rubbery domain. Yet, the influence of local effective viscosity and Tm/Tg ratio still carries over to their supra-glassy, non-equilibrium behavior. This point is crucial in countering the argument (ref. 11) that sorption hysteresis observed in molten polymers well above their Tg (e.g. concentrated molten synthetic polymer-organic solvent solutions (ref. 56)) cannot be simply explained by linking this behavior to non-equilibrium effects imposed by the properties of the glassy solid state. Analogous hysteresis between water vapor ad/absorption and liquid water desorption in native starch has been reported to result from desorption which remains non-equilibrated even after two years, vs. adsorption which achieves and remains in "well-defined equilibrium" states over the same period (ref. 11). We suggest an alternative explanation for the observed hysteresis, whereby both limbs of the isotherm reflect the persistence of non-equilibrium states. The desorption limb represents the behavior of supra-glassy, partially-crystalline starch drying slowly and irreversibly to a partially -crystalline glassy state (refs. 57,58) different from the original native state. In contrast, the ad/absorption limb represents the behavior of partially-crystalline glassy native starch undergoing an extremely slow, water-plasticized relaxation process (ref. 59), which remains VERY FAR from equilibrium even after two years, to a supra-glassy, partially-crystalline state, i.e. a "pseudo steady state" easily mistaken for equilibrium. This same "pseudo steady state" behavior has been observed for the sorption of water vapor by cod, as described later with regard to Fig. 13 (ref. 13) .
It is worth noting that the low values of local viscosity at T = Tg + 100°K shown in Fig. 11 compare to a macroscopic viscosity of about 109 Pa s for an entanglement network, and even higher viscosities if the network is crosslinked (ref. 20). This last point and the above discussion of the implications of Fig. 11 underline the importance of research on small PHC -water systems. Synthetic high polymers suffer from the handicaps of unknown, polydisperse Mu and Mu distribution, and Mus often above their entanglement limit, in which case local effective viscosity is not equivalent to macroscopic viscosity. In contrast, small PHCs, with known, monodisperse values of MiJ, all below the entanglement limit, so that local effective viscosity is equivalent to macroscopic viscosity, offer a great variety and selection of glass-forming materials for the study of non-equilibrium behavior.
MOBILITY TRANSFORMATION DATA FOR SMALL CARBOHYDRATES
Experimental mobility transformation data for several sugars and polyols are compiled in Table 1 6) . The observed change in heat capacity at the higher Tg of fructose is smaller in magnitude than at the lower Tg, which may reflect either a smaller actual difference in heat capacity of the fructose population which vitrifies at the higher Tg than of the second, structurally different fructose population which vitrifies at the lower Tg, or that the population of fructose molecules which vitrifies et the higher Tg of the conformationally heterogeneous melt is smaller, while the second population which vitrifies at the lower Tg is larger. However, for reasons explained later, which are based on our interpretation of experimental results (e.g. in Table 4 ) involving several aspects of the anomalous behavior of fructose in non-equilibrium aqueous systems and processes, we have hypothesized that the higher Tg of fructose (and of galactose as well) is the critical one that defines the Tm/Tg ratio and controls the consequent mobility in its glassy and supra-glassy states (refs.
With regard to the unusual phenomenon of two values of Tg exhibited by quenched melts of fructose and galactose, Franks (ref. 60) has observed qualitatively-similar anomalous behavior for the same two monosaccharides, and their contrast to well-behaved glucose. Franks has also confirmed our finding that, in a two-component glass with another small sugar (in his case, sucrose), the higher Tg of fructose is no longer detectable, as shown for a 1:l (w/w) g1ucose:fructose glass in Table 1 for translation (refs. 29,30) , and rotational relaxation would become limiting at a higher temperature than translational relaxation, as described with regard to Fig. 4D for polymers with anomalously low values of Tm/Tg. For isotropic motion, the larger scale, slower translational relaxations become limiting at a higher temperature than rotational relaxations (refs. 28, 29), as described with regard to Fig. 4D for polymers with typical and high values of Tm/Tg. For both anisotropic and isotropic motion, the temperature at which translational relaxations become limiting would be nearly the same. Thus, relaxation times for a conformational population with anisotropic motion would become limiting at a higher temperature, manifested as a higher Tg, than relaxation times for a second population with isotropic motion, manifested as a lower Tg. A documented case, which might provide an explanation for the appearance of two conformationally different populations in a heterogeneous melt from a single crystalline conformation of a single chemical species, involves xylose, which has been shown to undergo rapid anomerization during melting (ref. 61). During the time between heating a-D-xylose to a temperature only slightly above Tm, to avoid decomposition, and quench-cooling the resulting melt to a glass in a conventional DSC experiment, a mixed population of anomers is able to form in the melt and be captured in the glass. Thus, the initial crystal contains only the alpha anomer, while the final glass contains an anomeric mixture of a-and B-xylose, and the particular conformer distribution in the glass depends on the experimental variables of temperature, pressure, and concentration. The fact that only a single value of Tg is observed for the xylose melt, which is known to be conformationally heterogeneous, indicates either that all of the conformers are chemically and mechanically compatible so that a single glass vitrifies, or that all of the glasses that vitrify have the same free volume and local viscosity requirements for mobility and so the same value of Tg. If other small PHCs, such as fructose and galactose, behave like xylose with respect to anomerization during the melting process, then depending on the specific Tm, the time the melt is held above Tm, and the quenching rate, they may also be capable of forming heterogeneous melts with conformationally different populations. Then the fact that two values of Tg are observed would indicate that the two populations are not chemically and mechanically compatible and that they exhibit different free volume and local viscosity requirements for mobility. Franks (ref. 60) made another observation about the higher Tg of fructose that could support such speculation about the possibility of anomerization in a fructose melt. He noted that, after repeated heating and recooling of the initial fructose melt, the magnitude of the observed change in heat capacity at the higher Tg diminished and ultimately became undetectable, leaving only the lower Tg (representing the glass of the more stable anomer?). This observation of changes in the sizes of the two populations upon repeated heating suggests that the difference in magnitude of the observed heat capacity for the two glasses after the initial fructose melt was due to different sizes of the two populations rather than different actual changes in heat capacities. Because fructose is such a technologically important sugar, its glass-forming behavior and the ramifications thereof are a subject worthy and in need of further study. Table 1 show that fructose has the lowest value, based on selection of the higher Tg value as the one of thermomechanical importance, while galactose (along with maltotriose) has the next-lowest. Thus, this fructose glass would be expected to have the highest requirement for free volume in the glass at Tg, and conversely the lowest local effective viscosity (4 10llPa s). At the other end of the scale, glycerol, with the highest Tm/Tg ratio, would have the lowest requirement for free volume, but the highest local viscosity ("lO14Pa 8 ) in its glass at Tg. Consequently, at their respective values of Tg, a glycerol glass would be predicted to be significantly firmer than a fructose glass.
The results for Tm/Tg ratio in
Experimental mobility transformation data for an extensive list of small carbohydrates, including many sugars, polyols, and glycoside derivatives, are compiled in Table 2 Table 2 according to increasing values of Mw. In the interest of saving space,-two other versions of this Table, with the samples ranked by increasing Mn or increasing zw/Mn ratio, cannot be shown but will be alluded to, and so are left to the reader to construct. Table 2 (11.39) . So again, we conclude that one cannot predict, based on W of the dry solute, even for the series of glucose oligomers from the dimer to the heptamer, where such small carbohydrates will rank in terms of the free volume and local viscosity requirements for mobility near the glass at Tg'-Wg'.
If
In addition to the earlier description of the double-Tg behavior observed for dry fructose and galactose, and the anomerization of xylose, a few more remarks are in order about the unusual phenomenon of multiple values of Tg in glass-forming systems, since this is a subject of increasing current interest (refs. 3-9,33,45,62-65). For systems of compatible glass -formers (including, e.g., aqueous solutions of many of the small PHCs in Table 2 
EXPERIMENTAL APPROACH TO DISTINGUISHING EFFECTS OF TRANSLATIONAL A N D ROTATIONAL MOBILITY O N MECHANICAL RELAXATION PROCESSES
As emphasized above, small PHCs and their aqueous solutions offer a unique framework for the investigation of non-equilibrium behavior under conditions of importance to technological applications. The small PHCs are monodisperse with known W below the entanglement limit. They provide several homologous or nearly homologous series of oligomers. They exhibit an astonishing diversity of thermal and thermomechanical properties which can be studied within particular sub-groups: PHCs with the same W , PHCs with different W in a homologous series, single PHC with different conformations. Use of the dynamics map as a new conceptual approach to the study of non-equilbrium thermomechanical behavior facilitates the selection of experimental conditions to allow each PHC to be examined at an equivalent distance of moisture and temperature from its respective reference glass curve. For most effective use of the dynamics map as a mobility transformation map to elucidate the underlying basis of the differences in behavior of PHCs, it is necessary to identify appropriate experimental approaches that are capable of separating the effects of translational and rotational mobility on different mechanical relaxation properties. Since local effective viscosity is related to relaxations which are controlled by translational diffusion, it reflects the mobility of the molecular-level environment. Thus, the same relaxation rates and temperature dependence would be expected for results of, e.g., small molecule diffusion, polymer frictional coefficient, and pulsed field gradient-spin echo NMR spectroscopy of PHC-water systems (refs.
In general, mechanical relaxations depend on both translational and rotational mobility. For a typical, well-behaved polymer, an increase in free volume would be expected to go hand-in -hand with a decrease in local viscosity. However, when either the rotational or translational relaxation time is the limiting aspect for a particular small PHC-water glass-forming system, the ranking of solutes, i.e. either by k i or gw, would be expected to depend on the underlying mechanism of the specific mechanical relaxation.
Experimental mechanical relaxation processes can be categorized in terms of their control by rotational or translational mobility. For example, homogeneous nucleation depends on both translation and rotation, but can be completely controlled and limited by the rotational mobility (refs. 15,17,35,71) . The response to microwaves, in a microwave dielectric dispersion experiment (refs. 66-68,70), is another rotational response. In contrast, the apparent, non -equilibrium relative vapor pressure (RVP) (i.e. the so-called "water activity" or Aw value for biological and food systems) depends on translational mobility (refs. 4,9). Other mechanical relaxation processes controlled by translational mobility include, e.g., starch gelatinization (refs. 47,57,58), mold spore germination (refs. 4,9), and crystal growth (refs. 9,15). A conceptual experimental approach to the study of these various relaxation processe s , as they pertain to the non-equilibrium behavior of small PHC-water systems, will be illustrated in the remainder of this paper.
The selection of a molecule to be used as a reporter to probe the local environment is a critical element of experiments to study mechanical relaxation processes. A very low concentration of reporter molecule (e.g. a dye) is required for translational and rotational diffusion experiments, in order to avoid concentration gradients and perturbation of the local relaxation due to plasticization by the reporter (ref. 77). Water itself is NOT a good candidate for the role of reporter molecule to study the mobility of aqueous glasses, because water would then be both a functional part of the sample matrix and a reporter in many ex-
66-70).
periments. For example, in an NMR investigation of the mobility of water in an amorphous polymer, the water concentration cannot be changed without significantly changing the system itself, because of the effect of water as a plasticizer (ref. 45). Thus, a third molecule would be needed to act as the reporter. Later, we describe how high-polymeric starch can be used to fill this key role. In this context of a discriminating experimental approach, it is worth reiterating that small PHC aqueous glasses are uniquely excellent model systems for the study of non-equilibrium relaxation processes. For solute Ws below the entanglement MW of 3000 (glucose D P 6 18). such non-entangling polymers allow the study of the contributions of free volume and local effective viscosity (as the measured viscosity), without the ambiguity introduced by convolution with the bulk entanglement network viscosity, which would be essentially the sage for all polymers (ref. 20). Glass compositions can be measured quantitatively in terms of Mn and Mw. Moreover, in contrast to aqueous glasses of ionic salts, complicating effects due to specific ion hydration and concentration-dependent pK can be avoided.
Homogenous nucleation
On a timescale of technological significance, crystallization can only occur within the kinetically-metastable region of the mobility map between Tm and Tg of the polymer (i.e. the WLF rubbery domain) (refs. 9 , 1 5 ) . In the process of crystallization for a polymer which is completely amorphous and unseeded, homogeneous nucleation in an undercooled melt is the first mechazistic stage, which must precede crystal growth. The necessary extent of undercooling in K from Tm to Th, the homogeneous nucleation temperature, is a universal property of crystallizable materials. Just as Tg is related to Tm by the ratio Tm/Tg 1.5, with a range of 1 to 2, for essentially all molecular glass formers, including small molecules and high polymers, Th is related to Tm by the ratio Tm/Th The relationship between Th, Tm, and Tg, for representational small P H C s in water is illustrated in Fig. 12 , which shows schematic state diagrams for three different situations that can govern homogeneous nucleation. The situations result from different values of the ratio Tm/Tg, which reflects the magnitude of the metastable WLF region in which crystallization can occur. In each case, Th was located according to the typical ratio of Tm to Th. These stylized state diagrams highlight the different ways in which Th and Tg can be related, depending on the Tm/Tg ratio for a particular PHC solute, and thus reveal how the relationship between Th and Tg determines and allows prediction of the stability against recrystallization of concentrated or supersaturated aqueous solutions of specific P H C s (ref. 9). In the first case (Fig. 12A) . for a PHC with a typical, higher Tm/Tg ratio of 1.5. homogeneous nucleation of the solute would be very efficient, because Th lies well above Tg. Therefore, upon undercooling this concentrated PHC solution from T > Tm. homogeneous nucleation would occur at Th within the liquid zone, before vitrification could immobilize the system at Tg. Common examples of P H C s whose actual state diagrams resemble the one in Fig. 12A , and which are known to crystallize readily from concentrated aqueous solution, include xylose (Tm/Tg - -1.36), which does not obey the "anomeric rule" (ref. 2) that water favors the species in tautomeric and anomeric equilibria with the largest number of equatorial -OH groups, has a Tm/Tg ratio more like ribose than like glucose, which does obey the rule. In the last case (Pig. 12C). for a PHC with an anomalously low Tm/Tg ratio close to 1.0, homogeneous nucleation would be prevented on a practical timescale, because Th actually lies below Tg. Thus, on undercooling a concentrated solution, vitrification would occur first, thereby immobilizing the system and preventing the possibility of solute nucleation at Th.
Fructose (Tm/Tg -1.06), which is well-known to be almost impossible to crystallize from aqueous solution without preseeding or precipitating with non-solvent, exemplifies the state diagram in Fig. 12C and the nucleation inhibition behavior predicted from it (ref. 9) . Like ribose, fructose also exhibits complex mutarotation, with the composition of tautomers and their anomers depending on temperature and concentration (ref. 2). Unlike ribose with its complex mutarotation, or xylose and glucose with their simple mutarotation, the conformers of fructose do not vitrify compatibly as a single glass, as discussed above with regard to the free volume requirements for mobility of fructose conformers. From the standpoint of mechanical relaxations. the compatibility of a solute with the structure of liquid water and the mutual compatibility of a mixture of solutes with water in aqueous glasses are highly cooperative properties, governed by the spatial and orientational requirements for isotropic or anisotropic mobility. From the standpoint of energetics, little is known about cooperative effects which might differentiate between solute-solute or solute-water interactions, but differences in compatibility based on spatial and orientational requirements for labile intermolecular solute-solute and solute-water hydrogen bonds and maintenance of the time-averaged tetrahedral geometry of water are expected to be marginal (ref. 2). Thus, in aqueous solutions and glasses of PHCs, the mutual compatibility of chemically heterogeneous solutes and water is likely to be governed by dynamics and mechanical requirements, rather than energetics. Moreover, the marginal differences in energetics of solute-solute and solute-water interactions are reflected in the limiting partial molar volumes of PHCs, where differences between isomeric sugars are too small to interpret the effect of sugar stereochemistry on hydration (ref. Figure 13 (ref. 13) illustrates the kinetics of water uptake, as a function of environmental RVP at room temperature, in a low-moisture food material representative of other amorphous or partially crystalline substrates. The illustrated sorption behavior reflects both adsorption of water vapor and absorption of condensed liquid water via a diffusion-controlled transport process (i.e. a mechanical relaxation process governed by the mobility of the substrate matrix) (ref. 9 ) . These results of Duckworth were said to "reveal that the time which is required to reach equilibrium conditions needs special attention", and that "equilibration times of at least 14 days might be recommended" (ref. 13). In fact, the results in Fig.  13 demonstrate that times which are orders-of-magnitude greater than 14 days (ref. 11) would be required to approach equilibrium conditions. In such sorption experiments, a low-moisture system may be in an extremely-low mobility, "stationary" solid state so far from equilibrium that it can be easily confused with equilibrium. Figure 13 shows that, even in 25 days, there was no change in water uptake when the environmental relative humidity (RH) was 11%. The essentially immobile solid sample remained far from equilibrium in a low-moisture, negligibly-plasticized "apparent steady state". In sharp contrast, in less than 25 days, there was a dramatic change in water uptake by the same substrate material when the RH was 9 0 % . Under these conditions. the higher-moisture sample was significantly plasticized and exhibited sufficient mobility to allow a more rapid approach toward a still-higher-moisture and not-yet-achieved equilibrium condition. The fundamental trend of increasing sorption rate with increasing environmental RH evidenced by the results in Fig. 13 suggests a mechanistic correlation between increasing mobility and increasing rate of relaxation of the substrate -water system toward its unique final state of equilibrium. This correlation reflects the sequential relationship between increasing water uptake, increasing plasticization, increasing free volume and decreasing local viscosity, which result in decreasing Tg. Viewed in isolation on a practical timescale, the unchanging nature of the low-moisture substrate at low RH would prevent an observer from recognizing this non-equilibrium situation of extremely slow mechanical relaxation. above the Tg' reference state. The scatter in tha data prohibited further insight into the question of water "availability" in such systems. This was not unexpected, since many of the samples represented heterogeneous, polydisperse mixtures of polymeric PHC solutes of unknown average MW, MW distribution, and Tm/Tg ratio. While this study is worth repeating with a homologous series of small monodisperse PHCs, a more definitive and revealing experimental approach to the issue of water "availability" is described in the next section.
Kinetics of non-equilibrium water sorption

Mold spore germination as a mechanical relaxation process
A biological experiment demonstrated that the rates of germination of mold spores in different PHC solutions can be analyzed as a mechanical relaxation process which is governed by the translational mobility of water. In turn, the local effective viscosity of individual supra-glassy PHC solutions at the experimental temperature, which was 50-95OK above their Tg' reference states, appeared to control the relative mobility of water. Results of the experiment (refs. 4,9) revealed that water mobility can be better understood, explained, and predicted in terms of mobility transformations based on Tg', Wg', and the Tm/Tg ratios of PHC solutes of equal W W , rather than the measured RVP of the solutions. and measured solution RVP was scrutinized. These results demonstrated conclusively that the observed rates of germination at 303'K could not be predicted by measured RVPs. However, a conceptual approach based on mobility transformations to describe the kinetics of this mechanical relaxation process in these concentrated, supra-glassy PHC-water systems did facilitate interpretation of the germination data. The illuminating results shown in Table 4 (refs. 4,9) represented a dramatic experimental demonstration of the failure of the "Aw" concept to predict the relative efficacy of PHC additives for antimicrobial stabilization. and for sucrose than maltose. The extraordinary mobility and water availability of fructose samples was manifested by the same fast germination time observed for solutions of 40-70 w% fructose and corresponding RVPs of 0.98-0.70. Other noteworthy results in Table 4 involved the matched pairs of PVP-40 vs. methyl glucoside, maltotriose vs. mannose, and PVP-10 vs. fructose, for which Tg' appeared to be the predominant functional determinant. In each case, the solute of higher MW and Tg' manifested lower water availability in its supra-glassy solution (regardless of RVP values), and thus greater stabilization against germination.
Importantly, these experimental germination results were in accord with the unusual behavior often observed for fructose in non-equilibrium, intermediate-moisture food systems (ref.73, 74) and in solutions of similar RVP, in comparison to other more typical monomeric sugars like glucose and mannose, and polyols like glycerol. The microbiological data supported the conclusion (refs. 4,9) that the unusual behavior of fructose is related to its anomalously -low Tm/Tg ratio (calculated based on its second, higher Tg) and resulting low rl at Tg, and the concomitant high mobility of its glass and supra-glassy solutions. An analysfs of the results, in the context of the description of the WLF behavior of polymers with different Tm/Tg ratios discussed with regard to Fig. 4 , provided the following key insight. A concentrated fructose solution at 303OK would be about 70°K above its Tg' reference state. Such a supra-glassy fructose solution would exhibit anomalously low local viscosity at this temperature due to two factors related to the low Tm/Tg ratio of fructose. The magnitude of the WLF rubbery range is smaller for a lower Tm/Tg ratio, so that the fructose solution would exist as a liquid well ABOVE its WLF rubbery range. The local viscosity in the glassy reference state is lower for a lower Tm/Tg ratio, so that the viscosity of the fructose solution would be lower than could be accounted for by the temperature difference alone. In contrast, at the same experimental temperature and almost the same temperature difference above Tg', supra-glassy solutions of glucose (Tm/Tg = 1.42) or mannose (Tm/Tg = 1-36), or even glycerol (Tm/Tg = 1.62), at a still greater temperature difference (95'K) above its Tg', would exist as higher-viscosity fluids WITHIN their WLF rubbery range. Thus, like the lower viscosity fructose-water reference glass at Tg, the fructose solution well above Tg would be a much more mobile system than the corresponding glucose, mannose, and glycerol solutions. Consequently, a mechanical relaxation process dependent on translational diffusion, as exemplified by the germination of mold spores, was able to occur more quickly in a fructose solution than in solutions of glucose, mannose, or glycerol of equal or higher RVP. It is especially noteworthy that the same apparent correlations among low local effective viscosity, fast translational diffusion, high translational mobility, short translational relaxation time, and low Tm/Tg ratio, are suggested here by the results for mold spore germination rates in small PHC-water systems at 50 -95OK above Tg', as suggested earlier from the analysis of translational friction coefficients in Fig. 11 for synthetic high polymers at 100°K above Tg.
Finally, the 1:l fructose:glucose mixture in Table 4 deserves special mention, because of its importance in many technological applications, including intermediate-moisture foods, and because of its significant contribution to our theoretical interpretation of the non -equilibrium behavior of PHC-water systems. The germination time for mold spores in a concentrated solution of this mixture was much more like that of a solution of glucose alone than fructose alone, which indicates that the mechanical relaxation behavior of the solution mixture is quite similar to that of a glucose solution with respect to TRANSLATIONAL mobility. A 20 w% solution of the mixture showed a Tg' intermediate between the values for fructose and glucose, but a Wg' almost identical to the value for fructose alone. The glass curves of Fig. 5 reveal that 1 ) the predominant conformer of fructose in its mechanically and spatially homogeneous vitrified aqueous solutions is the one responsible for the higher Tg value of dry fructose alone at 373OK, and 2 ) the anomalously large value of Wg' for aqueous solutions of fructose alone results from the free volume requirement for rotational mobility of this "anisotropic" fructose conformer. This important conclusion concerning the identity of the predominant fructose conformer in aqueous fructose glasses is demanded by the recognition, gained from the vast literature for plasticized synthetic polymers (refs. 20,37) , that the glass curve always exhibits a smooth monotonic decrease in Tg with increase in plasticizer content expressed as a weight fraction (free volume in the plasticized blend is additive or cumulative, depending on the disparity in MW, on a weight fraction basis), with no local maxima unless stoichiometric complexes arise in particular composition ranges. Thus, the mechanical behavior of the solution of the 1:l mixture of glucose with fructose is dominated by the free volume requirements of the "anisotropic" fructose conformer, with respect to ROTATIONAL mobility. As mentioned earlier, the mechanically homogeneous dry glass obtained by melting a 1:l mixture of B-D-fructose and a-D-glucose exhibited only one Tg at 293%, exactly intermediate between the Tg of dry glucose alone at 304% and the Tg of the second conformer of dry fructose at 284OK. It appears that the predominant fructose conformer in the mixed dry glass is the second, glucose-like or "isotropic" conformer, with the lower of the two Tg values of fructose. In summary, the germination time for the solution mixture was determined by its constrained translational mobility. The constraint was much greater than for a solution of fructose alone and somewhat less than for a solution of glucose alone. This constrained translational mobility in the supra-glassy fluid was related to the single dry Tg of the mixture, which was much closer to that of glucose, with its higher value of Tm/Tg, than to that of the anomalous conformer of fructose, with its very low value of Tm/Tg. We conclude that the apparent RVP (so-called Aw) of a concentrated PHC solution does not control water availability, but is simply another diagnostic manifestation, like the times required for spore germination, of the non-equilibrium translational relaxation behavior of the solution. It is suggested that the anomalous fructose conformer is the predominant species in aqueous fructose glasses and in aqueous glasses of the 1:l mixture of fructose and glucose, that the anomalous fructose conformer is mechanically incompatible with the glucose-like fructose conformer in the dry melt of fructose alone, and that the glucose-like fructose conformer is the predominant species in the single dry glass of the 1:l mixture. We hope that this speculative discussion, which should provide pregnant clues to one versed in the stereochemistry of small PHCs, may provoke appropriate experimentation with molecular modelling, NMR, and dielectric relaxation techniques to explore the effects of concentration, temperature, and pressure on the nature and kinetics of conformational changes during melting and vitrification of dry PHC systems and their aqueous solutions.
Further comments on the fructose vs. glucose paradox
In the field of food technology, comparisons of the technological properties of the three most readily-available sugars, fructose, glucose, and sucrose, are important and topical. Especially for applications involving the "moisture management" of intermediate-moisture foods, the choice between fructose and glucose to depress RVP and thus increase shelf life is often controversial, confusing, and contradictory (ref. 9) . The situation can be summarized by the following paradoxical "truths" (refs. 73,74) . In foods with limited total moisture, fornulation on an equal weight basis with fructose rather than glucose typically results in a lower value of apparent RVP and greater storage stability, because the much greater solubility of fructose results in a greater effective concentration of fructose than glucose. However, if a product is formulated with glucose to achieve a certain RVP value which has been empirically demonstrated to provide stability with respect to a particular test microorganism, then reformulation with fructose to the same RVP often produces a less stable product. This is so, because less fructose than glucose is required to achieve the same RVP, while, as illustrated by the mold spore germination results in Table 4 , at the same RVP, fructose solutions are less stable than glucose solutions (ref. 9).
Since the colligative depression of the equilibrium water activity is the same for infinitely dilute solutions of fructose and glucose, the traditional approach to the fructose vs. glucose paradox has been to question why the observed RVP of a fructose solution of finite or high concentration is significantly lower than that of a glucose solution of equivalent concentration. A further comparison of the glass curves in Fig. 5 leads us to conclude that a concentrated fructose solution is anomalous, because its RVP is not depressed ENOUGH relative to that of glucose. In other words, we need to ask the opposite question -why is the RVP for a fructose solution so HIGH, for such a small vector above its glass curve? For the technologically practical case of a 50 w% solution at room temperature, the temperature differential ( A T ) or the water differential ( A W ) above the reference glass curve in Fig. 5 is much smaller for fructose than for glucose. One would therefore expect the translational mobility of water in the fructose solution so close to its glass curve to be more restricted (i.e. lower RVP) than it appears to be. We suggest that the explanation lies in the anomalously-large free volume requirement for rotational mobility in the supra-glassy fluid (as reflected in the very low value of Tm/Tg ratio), which results in anomalously-low local viscosity. Thus, translational diffusion in the supra-glassy fructose solution is very rapid (relative to that in the solution of glucose, with its much higher Tm/Tg ratio), and the depression of its non-equilibrium RVP is less than expected. The dielectric relaxation time,T, for a small PHC in aqueous solution is directly related to the rotational diffusion time. Maximum absorbance of electromagnetic radiation by pure water at room temperature occurs at a frequency of 5 17 GHz in a microwave dielectric dispersion experiment. Microwave absorption maxima at lower frequencies result when free volume becomes limiting and relaxations occur at lower frequencies due to hindered rotation. For comparison, the commercial frequency used for domestic microwave ovens is 2.45 GHz. In the case of a dilute solution, when free volume is not limiting, the dielectric relaxation time is determined mainly by the intrinsic hydrodynamic volume of the solute (refs. 66-68). For each small PHC solute in water at a given temperature, there is a limiting concentration below which the mobility shows simple dependence on the average molar volume and above which the free volume limitation would begin to contribute to hindered rotation and increased local viscosity (which is equivalent to macroscopic solution viscosity for MW below the entanglement limit). At 293OK, this limiting concentration has been shown to be 33 w% for sucrose and Y 38 w% for glucose (ref. 22) . In other words, the hindered m2bility characteristic of WLF behavior in the "rubbery" domain would be observed when 31 w% above the Tg'-Wg' reference state for a sucrose solution and when 63OK and A W 33 w% above the Tg'-Wg' reference state for a glucose solution.
AT -52OK and A W AT Suggett and Clark (ref. 6 8 ) have assessed the rotational diffusion behavior of concentrated aqueous solutions (24.0-33.5 w% solute) of a series of small sugars, including the pentoses ribose and xylose, the hexoses glucose and mannose, and the disaccharides sucrose and maltose. They determined dielectric relaxation times from microwave dispersion measurements made over a frequency range from 100 KHz to 35 GHz at 278'K, where these supra-glassy sugar solutions would be expected to exhibit hindered rotation and the WLF behavior mentioned above. We have assessed the effect of the same sugars on starch gelatinization, from DSC measurements of Tgelat for native granular wheat starch suspensions in 50 w% aqueous sugar solutions (ref. 57). We can estimate the relative effects of the different sugar solutions on translational diffusion in the sugar-water-starch suspension from these measurements of Tgelat, which reflect the relative deficit in depression of Tg of the amylopectin component of starch by sugar-water compared to water alone (refs. 47,57,58). As revealed by the graph of Tgelat vs. dielectric relaxation time (picoseconds) in Fig. 14 , the effects of these sugars on starch gelatinization are highly linearly correlated (r = 0.97) with their rotational diffusion times in solution, as measured by dielectric relaxation. It is especially interesting to note that the surprising behavior of glucose and its dimer, maltose, which show very similar rotational diffusion times, is reflected in exactly the same way by their very similar effect on Tgelat for the mechanical relaxation process reported by starch. 
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We suggest that the underlying explanation for this correlation is revealed by the graph in Fig. 15 , which shows the fundamental relationship between the measured rotational diffusion times from the dielectric relaxation experiment (ref. 6 8 ) and the calculated relative mobilities of the supra-glassy sugar-water solutions. A relaxation transformation map was constructed for each sugar solution, and relative mobility was estimated from the relative distance between the experimental conditions and the reference glass curve, normalized with respect to the inherent mobility of the PHC. As stated previously, the inherent mobility of a PHC is related to the distance (in units of temperature) required by its dry glass to achieve the mobility of an Arrhenius liquid. Thus, the relative mobility scale shown in Fig.   15 , calculated for each sugar from the ratio of (T-Tg')/(TmTg), is defined in terms of the temperature difference between the experimental temperature (278'K) and Tg' of the freeze-concentrated glass as the reference state, compared to the magnitude of the temperature difference in the WLF domain between Tm and Tg of the dry solute as a measure of inherent mobility. Both dielectric relaxation times and translational diffusion coefficients of a broad range of glass-forming systems, including polyvinyl acetate and glucose, have been shown experimentally to follow the WLF eqn. near Tg (refs. 75, 77) . As noted earlier, the factor (Tm-Tg) was chosen, in this case as a preferred alternative to the Tm/Tg ratio, for the comparison of mobilities, at T >> Tg, of different small PHCs with different values of dry Tg (see Table 1 ). Fig. 15 illustrates the excellent linear correlation (r = 0.99) between the mobility, expressed in terms of WLF behavior, and the dielectric relaxation behavior of the aqueous sugar solutions in their non-equilibrium, supra-glassy states. As expected, in the absence of anomalous anisotropic requirements of free volume for mobility, both translational and rotational mobility depend correlatively on free volume, but translational motion becomes limiting at a higher temperature and determines Tg. It should be noted that the calculated translational mobility for xylose is significantly lower than expected, based on its rotational relaxation time. The high value of Tm/Tg for xylose accounts for the low calculated mobility, which has been confirmed experimentally by demonstrating the anomalous ability of xylose to retard the recrystallization of starch (ref. 57).
CONCLUSION
The stated objective of the symposium on the physical chemistry of small carbohydrates, at which this paper was presented, was to bring together scientists from applied and basic research areas, and from industrial and academic labs, for an unusual exchange of ideas. In this paper, we have emphasized the importance of the non-equilibrium behavior of small carbohydrate-water systems of finite concentration, which are governed by dynamics rather than energetics, because of their strategic role in situations of biological stress and for technological applications where conditions of temperature, concentration, and pressure are usually far from equilibrium and practical timescales are utterly inadequate for the approach to equilibrium. We have described a new theoretical and experimental framework (developed from structure/property principles established for synthetic high polymers) for the treatment of such systems, which focuses on their kinetic description, facilitates time-temperature-concentration-pressure superpositions through underlying mobility transformations, and establishes reference conditions of temperature and concentration characteristic of each solute. We have illustrated the perspective afforded by using this conceptual framework to approach questions concerning the dynamically-constrained behavior of small carbohydrates which exist in glassy and "rubbery" states and are subject to plasticization by water. Finally, we have proposed that small carbohydrate-water systems are uniquely well-suited for the investigation of non-equilibrium behavior: the definition of conditions for its empirical demonstration, the examination of materials properties that allow its description and control, the identification of appropriate experimental approaches, and the exploration of theoretical interpretations.
